Abstract Thyroid hormones are critical regulators of normal development and physiological functioning in all vertebrates. Radioimmunoassay (RIA) approaches have been the method of choice for measuring circulating levels of thyroid hormones in vertebrates. While sensitive, RIA-based approaches only allow for a single analyte measurement per assay, can lack concordance across platforms and laboratories, and can be prone to analytical interferences especially when used with fish plasma. Ongoing advances in liquid chromatography tandem mass spectrometry (LC/MS/MS) have led to substantial decreases in detection limits for thyroid hormones and other biomolecules in complex matrices, including human plasma. Despite these advances, current analytical approaches do not allow for the measurement of native thyroid hormone in teleost fish plasma by mass spectrometry and continue to rely on immunoassay. In this study, we developed a new method that allows for the rapid extraction and simultaneous measurement of total T4 (TT4) and total T3 (TT3) in low volumes (50 μL) of fish plasma by LC/MS/MS. Methods were optimized initially in plasma from rainbow trout (Oncorhynchus mykiss) and applied to plasma from other teleost fishes, including fathead minnows (Pimephales promelas), mummichogs (Fundulus heteroclitus), sockeye salmon (Oncorhynchus nerka ), and coho salmon (Oncorhynchus kisutch). Validation of method performance with T4-and T3-spiked rainbow trout plasma at 2 and 4 ng/mL produced mean recoveries ranging from 82 to 95 % and 97 to 105 %, respectively. Recovery of 13 C 12 -T4 internal standard in plasma extractions was: 99±1.8 % in rainbow trout, 85±11 % in fathead minnow, 73±5.0 % in mummichog, 73±1.7 % in sockeye salmon, and 80±8.4 % in coho salmon. While absolute levels of thyroid hormones measured in identical plasma samples by LC/MS/MS and RIA varied depending on the assay used, T4/T3 ratios were generally consistent across both techniques. Less variability was measured among samples subjected to LC/MS/MS suggesting a more precise estimate of thyroid hormone homeostasis in the species targeted. Overall, a sensitive and reproducible method was established that takes advantage of LC/MS/MS techniques to rapidly measure TT4 and TT3 with negligible interferences in low volumes of plasma across a variety of teleost fishes.
Introduction
The thyroid is a large endocrine gland system that is important in normal physiological functioning among all vertebrates. Increasing attention has focused on the potential for internal and external perturbations of the thyroid system linked to disease, genetic factors, radiation, and chemical exposures. Incidences of thyroid cancer have risen sharply all over the world, although questions remain as to the extent this increase is related to more sensitive diagnostic tools [1, 2] . A growing body of evidence, as outlined in several informative reviews, has demonstrated that exposures to an increasing array of chemicals can impair thyroid hormone regulation in humans, fish, and other animals [3] [4] [5] . Thyroid hormones play a crucial role in brain development and small changes in maternal or fetal/early life stage thyroid hormone levels can elicit severe motor skill deficiencies and cognitive impairments [6] . In fishes, thyroid hormones are key mediators of many physiological, developmental, and behavioral processes, including growth and metamorphic transitioning [7, 8] , osmoregulation [9] , olfactory imprinting [10] , interrenal regulation [11] , otolith formation [12] , and reproduction [13, 14] , often acting in concert with other hormones. For instance, smoltification among salmonids (parr-smolt transformation to allow for seawater tolerance) is regulated by interactions between thyroid hormones, cortisol, insulin, and prolactin [15, 16] . Flounder and other flatfish undergo a profound post-hatch metamorphosis from larvae to juveniles that is comparable to amphibian metamorphosis in which spikes in plasma thyroxine (T4) induce migration of the eye and other neurological structures to one side of the head [8] .
The measurement of thyroid hormone levels in circulation has long served as an important approach for discerning thyroid system dysfunction associated with disease, chemical exposures, and other disturbances. Circulating levels of thyroid hormones are tightly controlled by both a centrally operating hypothalamic-pituitary-thyroid (HPT) axis and in peripheral tissues through the activity of iodothyronine deiodinase enzymes, among other dynamically operating regulatory processes. The functional unit of the central HPT is the thyroid follicle where the thyroid hormones T4 and 3,5,3′-triiodothyronine (T3) are synthesized and secreted into circulation ( Fig. 1 ; chemical structures). In teleosts, thyroid follicles are found dispersed predominantly in the ventral pharyngeal region, rather than being organized in a compact lobular gland as seen in higher vertebrates. T4 is also thought to be the primary, possibly only, thyroid hormone released from thyroid follicles of fishes, making T3 production in the periphery an important aspect of overall thyroid hormone homeostasis [17] . Most thyroid hormone in circulation is bound to protein, including thyroid-binding globulin, transthyretin, and albumin, with only a small amount (<1 %) free and available for uptake into cells.
Circulating levels of thyroid hormone in plasma and serum are often measured by radioimmunoassay (RIA) methods with many clinical laboratories routinely measuring free and total T4 and T3 in human sera using automated immunoassay approaches. RIA methods have also been adopted to measure circulating and tissue levels of thyroid hormones in some fish species, including several species of salmonids and cyprinids [15, 18, 19] . While sensitive, immunoassay approaches have several weaknesses, including that they can be compromised by a lack of specificity and accuracy due to analytical interferences. Biomolecules may vary across species, cross-react with antibodies, and interfere with assay performance [20] [21] [22] . Moreover, RIA methods measure thyroid hormones individually thereby limiting thorough evaluations of interactive thyroid hormone homeostasis. While a number of commercial RIA kits are available to measure thyroid hormone levels in human sera, these kits have not been wellvalidated for use in nonhuman animals and so their use in fish can be problematic. Commercial RIA kits also have been validated over a narrow range of standards that are usually too high for the comparatively lower levels of circulating thyroid hormones in fish.
Therefore, there is a need to develop approaches that allow for more direct and reliable measurements of circulating thyroid hormones in fishes. The use of liquid chromatography tandem mass spectrometry (LC/MS/MS) is increasingly the preferred tool for overcoming some of the analytical difficulties raised by immunoassay approaches [23] . For instance, reference measurement procedures have been published for total T3 [24] and total T4 [25] in human sera using isotope dilution coupled with LC/MS/MS. Our laboratory and others have also developed analytical methods using LC/MS/MS to measure spiked and native thyroid hormones in mammalian sera and tissues [26] [27] [28] [29] and some fish tissues [30, 31] . While these are important advances, no LC/MS/MS based methods are available to permit measurement of circulating levels of native thyroid hormone in fish plasma. This limitation has made it difficult to evaluate thyroid system perturbations associated with disease, environmental impacts, and chemical exposures among wild and laboratory fishes, which also are being used increasingly as models to examine underlying mechanisms of disease and chemical toxicity in humans. Therefore, this study has developed a new method that allows for the rapid extraction and measurement of native thyroid hormones, both bound to plasma proteins and unbound (i.e., total T3 (TT3) and total T4 (TT4)), in teleost fish plasma using LC-ESI/MS/MS analytical approaches. In addition to being the first method that allows for the reliable measurement of native thyroid hormones in fish circulation by LC/MS/MS, it has been optimized to work in low volumes (50 μL) of plasma across several species, making it advantageous as blood volumes are usually limited in fishes. The following species were targeted for this study: rainbow trout (Oncorhynchus mykiss), fathead minnow (Pimephales promelas ), mummichog (Fundulus heteroclitus ), sockeye salmon (Oncorhynchus nerka ), and coho salmon (Oncorhynchus kisutch ). These species were selected based on their importance as research models and because they occupy different ecological niches (freshwater, estuarine, seawater) across a range of teleost taxa (Salmonidae, Cyprinidae, Fundulidae).
Materials and methods

Chemicals and materials
Unlabeled thyroid hormones (T4, >98 %; T3, >97 %), citric acid, ascorbic acid, and dithiothreitol (DTT) were purchased from Sigma-Aldrich (St. Louis, MO). The stable isotope internal standards used were 13 C 12 -T4 (>98 %) and 13 C 6 -T3 (>97 %) ( Fig. 1 ; Cambridge Isotope Laboratories, Andover, MA). The solid phase extractions used SampliQ OPT polymer cartridges (60 mg/3 mL; Agilent). A standard stock solution of T4 and T3 was prepared in an amber glass bottle in methanol (MeOH) and deionized water (DI; 1:1, v/v) at 10 ng/mL. An internal standard stock solution of 13 C 12 -T4 and 13 C 6 -T3 was also prepared in MeOH at 10 ng/mL, whereas a recovery standard stock solution of 13 C 6 -T4 (>97 %; Isotec, Canton, GA) was prepared at 50 ng/mL. Standard stock solutions were stored at 4°C and all solvents used were high-performance liquid chromatography grade.
Fish plasma collection
Three pools of plasma were collected from targeted fish species as follows: 8-12 male fathead minnows/sample pool purchased from Aquatic BioSystems (Fort Collins, CO, USA), 4-6 male mummichogs/sample pool collected from the Kings Creek, VA, USA, and 3-5 adult rainbow trout/ sample pool donated by the Armstrong Hatchery, Marion, NC, USA. Sockeye salmon plasma was donated by Dr. Andrew Dittman's laboratory at the Northwest Fisheries Science Center, Seattle, WA, USA, and coho salmon plasma was donated by Dr. Evan Gallagher's laboratory at the Department of Environmental and Occupational Health Sciences, University of Washington, Seattle, WA, USA. The salmon plasma was not pooled and represents individual fish (n =3). Fish were euthanized using MS-222 and blood samples were taken from the caudal vasculature using either heparin-coated 75-mm capillary tubes (fathead minnow and mummichog) or heparin-coated syringes (trout and salmon). Plasma fractions were isolated by centrifugation at 3,000×g for 5 min and stored at −80°C until thyroid hormone analysis.
Thyroid hormone extractions
Thyroid hormones were extracted from plasma by initially incubating 50 μL of plasma with 50 μL of 13 C 12 -T4 and 13 C 6 -T3 (0.5 ng; 10 ng/mL in MeOH) in 15-mL sterile polypropylene conical test tubes (Sigma-Aldrich) for one hour covered on ice to allow for equilibration of endogenous and labeled thyroid hormones with plasma proteins [25] . The incubation medium also contained 100 μL of an antioxidant/reducing solution containing 25 g/L of ascorbic acid, citric acid, and DTT to prevent deiodination of thyroid hormones in the incubation medium. Plasma samples were vortexed before and after adding standards and antioxidant solutions. After this equilibration step, a 1-mL volume of hydrochloric acid (6 M; Sigma-Aldrich) was added, vortexed, and samples incubated covered for 60 min in a 50°C water bath oscillating at 180 rpm to allow for denaturation of plasma proteins and release of protein-bound hormones.
Thyroid hormones were isolated from extracts using a solid-phase extraction (SPE) procedure with SampliQ OPT polymer cartridges (60 mg/3 mL; Agilent). Specifically, polymer cartridges were conditioned with 3 mL of MeOH followed by 3 mL of water. Samples were added to filter cartridges using graduated Pasteur pipettes. Cartridges were further washed of protein and lipid matrix using 2 mL of water followed by 0.5 mL of 30 % MeOH (in water) and dried gently under vacuum for ∼1 min. Thyroid hormones were then eluted with 4 mL of MeOH into polypropylene test tubes. Extracts were evaporated in a heated manifold block at 40°C under carbon-filtered nitrogen gas to approximately 50 μL volumes and reconstituted with 400 μL (1:1 (v/v) MeOH/water). Reconstituted extracts were vortexed gently, transferred to a Mini-Uniprep Syringeless Filter (PTFE, 0.2 μm; Whatman/GE Healthcare, Picataway, NJ), and analyzed by LC/MS/MS. Each pool of plasma was extracted in triplicate.
Instrumental analysis by LC/MS/MS
Levels of TT4 and TT3 in plasma were determined using our published LC/MS/MS method [26, 29, 30] with some modification. Mobile phases used were LCMS-grade acetonitrile (ACN) and water (Honeywell, Burdick & Jacksonboth buffered with 10 mM of formic acid. Analyte separation was performed using a Synergi Polar RP column (50×2.0 mm, 2.5 μm particle size; Phenomenex, Torrence, CA) and a SecurityGuard Polar-RP (4×2.0 mm) guard cartridge. The injection volume was 20 μL and the flow rate was 400 μL/ min. Initial conditions were 70:30 water/ACN held for 3.1 min, ramped to a 50:50 mixture of water/ACN for 0.4 min followed by a second ramp from 3.5 to 8.5 min of 1:99 water/ACN, which was held for 5 min before returning to baseline conditions of 70:30 water/ACN for 3.5 min. MeOH blanks were run periodically between samples (approximately every 6 samples) to monitor carryover, which was not observed during the course of this study. To maintain sensitivity during longer runs (>30 samples), an additional column cleaning method was integrated between groups of samples under the following conditions: 1:99 water:ACN for 7.0 min and 70:30 water:ACN for 0.5 min to return to baseline conditions. Table 1 provides the MS/MS conditions for detecting and quantifying thyroid hormones in ESI(+) using multiple reaction monitoring (MRM) transitions.
Radioimmunoassay analysis
Circulating levels of TT4 and TT3 were also measured by RIA in plasma of the target species to compare with levels of thyroid hormones measured by LC/MS/MS. The RIA methods have been described in full detail previously [15] and have been used for physiological studies in a variety of salmonids (e.g., O. kisutch, O. mykiss, and O. nerka) and other fish species [10, 16, 32, 33] . Unextracted plasma (10 μL) was incubated for 2 hrs at 37°C in a 250 μL solution comprised of 50 μL of 125 I-labeled T4 or T3 (approx. 22,000 cpm; Perkin-Elmer, Waltham, MA) in 0.11 M sodium barbital (SB) buffer (pH 8.6), anti-T4 antiserum (50 μL; 1:4,000; Accurate Chemical & Scientific Corp., Westbury, NY) or anti-T3 antiserum (50 μL; 1:10,000; Accurate Chemical & Scientific Corp., Westbury, NY) in 0.11 M SB, 150 μL of 0.11 M SB buffer containing 0.25 % bovine gamma globulin (BGG) and 0.01 M 8-anilino-1-naphthalene-sufonic acid to inhibit hormone binding to thyroglobulin. After the 2 hr incubation, samples were placed on ice for 15 min to stop additional binding reactions. Ice-cold 0.11 M SB buffer (300 μL) containing 20 % polyethelyene glycol was then added to each sample, and samples were centrifuged (3,000×g) for 20 min at 4°C. The supernatant was then removed to separate free and bound hormone, and the remaining pellet was assayed for radioactivity (Cobra II gamma counter, Packard). T4 standards from 1.25 to 60 ng/mL and T3 standards from 0.625 to 60 ng/mL dissolved in 0.11 M SB buffer with 0.25 % BGG defined the sensitivity of the RIAs. The anti-T4 antiserum used in the RIA has a reported cross-reactivity of <5 % with T3 and < 0.01 % with both diiodotyrosine and monoiodotyrosine, whereas the anti-T3 antiserum has a cross-reactivity of 0.14 % with T4, 0.5 % with, and <0.001 % with diiodotyrosine and monoiodotyrosine. All samples were run in a single assay with samples from rainbow trout, sockeye sample, and fathead minnow run in triplicate, but samples from mummichog were run in duplicate due to limited plasma volumes. The intra-assay CV was 6.95 % for the T3 assay, and 7.09 % for the T4 assay, as calculated from a single rainbow trout sample run as 13 replicates. These CV values fall within the typical CV range for this RIA in other fishes [10, 16, 32, 33 ]. Parallelism curves were run previously in sockeye salmon, rainbow trout plasma samples to confirm the parallel cross-reactivity of samples and standards [15] and are provided in the Electronic supplementary material (Fig. S1 ) for fathead minnows [32] , but were not run for mummichog due to the small volume of plasma obtained from this species. Insufficient plasma was available from coho salmon for measurement by RIA.
Method performance/quality assurance In addition to the RIA analysis, a number of tests were undertaken to examine the performance of the developed LC/MS/MS method. Seven point calibration curves (0.05-10 ng) were used to measure levels of TT4 and TT3 in all samples. Equal masses of isotopically labeled internal standards 13 C 12 -T4 and 13 C 6 -T3 (0.5 ng of each standard) were spiked into each sample at the start of the extraction and into calibration standards to quantify levels of TT4 and TT3, respectively. Resulting values were normalized to the plasma volume extracted (50 μL). Blank controls run in triplicate that contained 0.5 ng of 13 C-T4/-T3 in DI were extracted alongside plasma samples to correct for trace levels (∼0.5 %) of unlabeled hormones present as commercial impurities in the 13 Clabeled internal standards. Recovery of the 13 C 12 -T4 internal standard was monitored by adding 0.5 ng of 13 C 6 -T4 to each sample and blank prior to LC/MS/MS analysis. During the optimization phase, plasma from rainbow trout was spiked with either 2 or 4 ng of T4 and T3 and the percent recovery of these matrix spikes was measured. Method detection limits (MDLs) were calculated as three times the standard deviation of thyroid hormone detected in blanks containing no plasma, or using the instrument limit of detection that was equivalent to a signal:noise ratio of three. MDLs normalized to the amount of plasma extracted were: T4<0.42 ng/mL and T3< 0.24 ng/mL.
Intra-assay CVs were calculated by performing repeated extractions and LC/MS/MS measurements of each plasma pool in triplicate in a single run and calculating CV values as follows: CV=SD TH levels/mean TH levels (in triplicate)× 100. These intra-assay CVs are included in Tables 2 and 3 . Inter-assay CVs were measured in rainbow trout and fathead minnows by performing triplicate thyroid hormone extractions and measurements of a single plasma volume in four independent assays. Insufficient plasma was available to allow for multiple extractions in mummichog and salmon. The ratio of T4/T3, as measured by LC/MS/MS and RIA, was calculated for each sample pool or specimen (mean±SD; triplicate measures/sample). Differences in T4/T3 ratios between LC/ MS/MS and RIA measurements for each sample were examined for statistical significance using unpaired, two-tailed t tests with statistical significance defined at the p <0.05 level (GraphPad Prism 6, La Jolla, CA).
Results and discussion
Extraction optimization in rainbow trout plasma A clean extract was obtained after deproteinization of the plasma samples using HCl (1 mL; 6 M) incubated at 50°C for 60 min coupled with SPE and matrix filtration (0.2 μm), which produced nicely resolved peaks for the T4 and T3 ions monitored. Figure 2 displays total ion chromatograms of T4 and T3 along with their labeled internal standards from a calibration standard and 50 μL sample of rainbow trout plasma.
During method development, several additional parameters were evaluated ( Table 2 ). The effects of pH and temperature were tested using potassium hydroxide (KOH; 0.5 M) or HCl (6 M) and applying heat (50°C and 70°C) or maintaining ambient temperatures (25°C) over several times ranging from 20-180 min. While KOH (0.5 M) and increased incubation temperatures and times appeared to allow for the isolation of TT3, these conditions did not perform well in the extraction of TT4 as indicated by the poor precision (intra-assay CVs=34 and 46 %). Initial optimization conditions using HCl heated to 50°C for 20 min produced promising results with TT3 and TT4 levels at 3.03±0.42 ng/mL (CV=14 %) and 3.12±0.35 (CV=11 %). However, as shown in Table 2 , subsequent repeated analysis of the same trout plasma pools using the same extraction conditions (i.e., 1-mL volume of HCl heated to 50°C for 20 min) were unable to repeat these initial results, with reduced average levels of TT3 (1.28-2.13 ng/mL) and TT4 (2.41-3.48) coupled with elevated and variable intraassay CVs (TT3=28-41 %; TT4=7.7-41 %). Moreover, RIA measurements in mummichog performed in duplicate/sample with parallelism curves not run because of limited plasma. Plasma pooled from 8-12 male fathead minnows/sample, 4-6 male mummichogs/sample, and 3-5 juvenile rainbow trout/sample; salmon were individual specimens. Percent recovery of 13 C 12 -T4 by LC/MS/MS, 99±1.8 % (rainbow trout), 85±11 % (fathead minnow), 73±5.0 % (mummichog), 73±1.7 % (sockeye salmon), and 80±8.4 % (coho salmon). Inter-assay CVs, rainbow trout=4.6 (TT3) and 3.4 % (TT4); fathead minnow=6.4 (TT3) and 13 % (TT4); insufficient plasma for measurement in mummichog and salmon inter-assay CVs were lower in 50 μL plasma volumes (TT3= 4.6 %; TT4=3.4 %) than in 30 μL volumes (TT3=34 %; TT4=15 %).
To address the reduced precision evident with 20 min incubations, additional tests were conducted to examine effects of both extended incubation times (60-180 min) and elevated temperatures (50 and 70°C) on the extraction performance. This additional testing produced an optimal temperature and incubation time combination that included 60 min incubations at 50°C, with high sensitivity and reproducibility providing confidence that hormones were released from the protein-hormone complex. Specifically, TT3 and TT4 levels were measured at 1.95±0.06 (CV=3.5 %) and 4.11±0.17 ng/mL (CV=4.3 %), respectively, after incubating 50 μL plasma volumes with 1 mL of HCl (6 M) at 50°C for 60 min.
In addition to optimizing extraction conditions, lower volumes of plasma were tested in rainbow trout to further maximize efficiency and minimize the volume needed for the assay because fish blood is often limited due to the small size of some fish, tested here (fathead minnow and mummichog). As shown in Table 2 , extractions were more repeatable in 50 μL plasma pools than 30 μL plasma pools as demonstrated by the low variability measured in the higher plasma volumes. Unpaired, two-tailed t tests comparing thyroid hormone levels measured in 50 μL versus 30-μL plasma volumes revealed, however, that the thyroid hormone concentrations measured at the two volumes examined were not significantly different from each other (p >0.20). Thus, while there was substantial intra-assay variability in the 30-μL volumes of plasma, especially in TT3 concentrations, these values were not statistically different from the higher extraction volumes (50 μL). However, the high variability observed in 30 μL extractions may prove problematic should there be a need to determine more subtle changes in thyroid hormone status among targeted teleost populations.
The percent recovery of the 13 C 12 -T4 in rainbow trout plasma ranged from 96-103 % regardless of the optimization condition tested. This high percent recovery across a range of optimization conditions was indicative of high extraction efficiency and improved repeatability that was likely attributable to enhanced, consistent deproteinization as opposed to other extraction parameters. For the optimized conditions using 6 M HCl and applying heat at 50°C for 60 min, percent recovery of the 13 C 12 -T4 was 99±1.8 %. As an additional method performance test, rainbow trout plasma samples (50 μL; n =3; mean±SD) were spiked with either 2 or 4 ng each of T3 and T4 to measure recovery of spiked thyroid hormones using the optimized extraction parameters. In the 2 ng matrix spikes, percent recoveries of T3 and T4 were 90±2 (range, 88-91 %) and 102±4 % (range, 97-105 %), respectively, after subtracting endogenous levels of hormone. Recoveries of T3 and T4 were 87±7 (range, 82-95 %) and 102±1 % (range, 101-103 %), respectively, in 4-ng spikes, after subtracting endogenous levels of hormone. These results provide further support for the high sensitivity and performance of the optimized method parameters.
Thyroid hormone measurements in other teleosts Table 3 provides levels of thyroid hormones measured in plasma of fathead minnows, mummichogs, sockeye salmon, and coho salmon using the optimized LC/MS/MS methods developed in rainbow trout plasma. The optimized method showed high sensitivity and reproducibility in these other species tested, with slightly more intra-assay variability detected in thyroid hormone measurements in coho salmon plasma. Inter-assay CVs in thyroid hormone measurements in rainbow trout plasma were 3.4 (TT4) and 4.6 % (TT3), and Inter-assay CVs in thyroid hormone measurements in fathead minnow plasma were 13 (TT4) and 6.4 % (TT3). Recovery values of the 13 C 12 -T4 internal standard in these additional species tested were: fathead minnows=85±11 % (mean±SD); mummichogs=73±5.0 %; sockeye salmon=73±1.7 %; and coho salmon= 80 ±8.4 %. The underlying differences in 13 C 12 -T4 recovery across species are likely linked to different characteristics in the levels and types of plasma proteins, lipoproteins, and lipid constituents among the targeted species [52] . While not well understood, these constituents may not only vary across species, but they can also vary substantially across individuals of the same species depending on a variety of factors, including diet, time since the last feeding, temperature, age, and health status [53] . These differing plasma constituents may be expected to differentially bind thyroid hormones and could have altered the extraction efficiency. This is one of the first studies to use LC/MS/MS-based applications in the measurement of circulating thyroid hormones in fish, which makes direct comparisons with other similar studies difficult. However, this method was recently used in our laboratory to measure circulating thyroid hormone concentrations in a larger population of adult male fathead minnows (∼600 fish) from the same hatchery as used here. Levels of TT4 and TT3 measured in negative control groups from this recently published PBDE flame retardant toxicity study ranged from ∼3 to 4 ng/mL with intra-assay and interassay CVs measured at <10 and <12 %, respectively [42] . This LC/MS/MS method was also recently applied to measure circulating levels of thyroid hormones in hyperthyroid (T3-treated) and hypothyroid (methimazole-treated) fathead minnows as part of a study to identify and deduce tissue distributions and mRNA abundances of thyroid hormone transporters, monocarboxylate transporters and organic anion transporter polypeptides [43] . Results from these other studies are consistent with thyroid hormone levels and CV values measured in adult male fathead minnows in the present work, providing further confidence in the precision and repeatability of the developed method over time.
Comparison with RIA measurements
Published studies to date in fishes employ RIA-based approaches exclusively to measure thyroid hormones in blood circulation and extracted from whole body larvae or specific tissues. Therefore, to enhance evaluation of the LC/MS/MSderived values measured, this study also measured TT4 and TT3 levels in the same plasma pools using previously published RIA methods [15] to allow for more direct comparisons as has been undertaken in humans and some marine mammals [27] . These values are included in Table 3 . Absolute levels of circulating thyroid hormones measured by RIA were generally higher and more variable than those measured by LC/MS/MS.
In rainbow trout plasma, using RIA, TT3, and TT4 concentrations (averaged across the three pools) were 2.71±0.25 and 9.29±2.38 ng/mL, respectively. The optimized LC/MS/ MS method measured TT3 at 1.82±0.01 ng/mL and TT4 at 3.86±0.15 ng/mL. Thus, absolute levels of TT3 measured by LC/MS/MS and RIA were more closely aligned than TT4 values, which were lower when measured by LC/MS/MS. The rainbow trout is a commonly targeted species for thyroid-related research, and as can be seen in Table 3 , a great deal of variability in thyroid hormone levels has been observed in published studies that bracket the range of values measured here by LC/MS/MS and RIA. Some of this variation across studies is attributable to physiological (e.g., age, hormones, diet, and reproductive status) and environmental conditions (diurnal/seasonal rhythms, temperature, and salinity) that can markedly influence thyroid hormone homeostasis. In addition, this study employed only one RIA methodology [15] , and the variation observed may be associated with differences in RIA methods and performance across laboratories (e.g., antibody interferences and binding protein variation).
Few studies have measured thyroid hormone levels in fathead minnows and mummichogs. RIA analysis conducted here of fathead minnow plasma pools measured TT3 and TT4 levels at 8.76±1.06 and 13.6±1.26 ng/mL, respectively. These values are consistent with levels measured in adult male fathead minnows using the same RIA methods [32, 44] , but are higher than levels measured by LC/MS/MS (Table 3) .
However, plasma TT4 concentrations measured here by RIA are less than those measured in other studies [19, 45] , further demonstrating varied outcomes depending on the RIA techniques used. Like with fathead minnows, absolute levels of thyroid hormones measured in the plasma of mummichogs were considerably lower and less variable with the optimized LC/MS/MS method when compared with the RIA-derived values. Previous RIA work has shown circulating levels of TT3 and TT4 in wild-caught male mummichogs from a nonpolluted control site at ∼6 and ∼8 ng/mL, respectively, which falls between the values measured here by LC/MS/MS and RIA [54] . Consistent with findings here with LC/MS/MS, however, other studies have measured absolute levels of thyroid hormone in mummichog plasma circulation at approximately 4 ng/mL [46] . The high variation in thyroid hormone concentrations obtained here by RIA may be indicative of analytical interferences caused by plasma protein content in this species. The RIA method used in the present study was optimized originally for use in salmonid species, and the mummichog (Cyprinodontiform) is evolutionarily distant from salmonids. It is therefore likely that these taxa vary in thyroid hormone binding protein composition. Moreover, the only two previous studies that have quantified plasma thyroid hormone concentrations in mummichogs used very different RIA methods from the method used here. The study by Zhou et al. [47] used a double-antibody RIA method that employed rabbit anti-T4 and rabbit anti-T3 antiserum previously optimized for use with Sceloporus lizards. The second study [46] employed primary anti-serum sources that are no longer commercially available. As such, direct comparisons in absolute thyroid hormone concentrations between these previous mummichog studies and the RIA results here should be made with caution and further demonstrate the variability of RIA methods and results across different laboratories.
For the sockeye salmon measurements, in at least one study of migrant and land-locked sockeye, plasma TT3 levels measured by RIA were <5 ng/mL in migrant and land-locked sockeye, and TT4 levels were <4 and <10 ng/mL, respectively [48] . The sockeye plasma tested here was from migrant stock suggesting some alignment with the LC/MS/MS results. However, other studies have measured TT4 levels that are consistent with RIA levels measured here [38] . While we were unable to measure thyroid hormone levels in coho salmon with RIA due to low plasma volumes, results measured here generally fall within levels measured in other published studies that use RIA-based approaches, although on the low end of the range with considerable variation evident based on the RIA quantification method (e.g., anti-serum source), fish lifestage, and environmental condition [16, [49] [50] [51] . Thus, taken together, there is not only a lack of concordance across RIA results but there appear to be inconsistencies in absolute levels of TT3 and TT4 levels depending on whether LC/MS/MS-or RIA-based approaches are applied.
The underlying reasons for differences in absolute levels of thyroid hormones measured by LC/MS/MS versus RIA are not clear. It is possible that the RIA methodology may be overestimating circulating thyroid hormone levels due to interferences with antibodies or other plasma matrices as has been previously reported with thyroid hormone-immunoassay based approaches in clinical settings [20, 22, 55] . For instance, heterophilic antibodies in plasma or serum can promote nonspecific binding to anti-T4 and anti-T3 antibodies (and other thyroid-targeted antibodies) producing abnormal values in RIAs. To overcome this problem, most current immunoassay approaches, including the one used in the present study, contain blocking reagents in an effort to overcome heterophilic antibody interferences. However, some tests have shown that these interferences may persist if antibody titres are especially high [21, 55] . While some human antibodies (e.g., human anti-mouse antibody) have been well-characterized and shown to react with mouse monoclonal antibodies, no information is available on the nature and influence of heterophilic antibodies on the performance of fish thyroid immunoassays.
It is also the case that little is known about the diversity and relative abundance of proteins that bind and transport thyroid hormones in the circulation of fishes [56] . Given the extent of evolutionary divergence among fishes, there may be considerable variation among species in serum binding protein composition that could interfere with plasma thyroid hormone measurement. Indeed, species variations in extraction recovery values of 13 C 12 -T4 internal standard using the LC/MS/MS method provide some support for this idea. Thus, the general lack of concordance in RIA-derived thyroid hormone levels measured in fishes across laboratories and methods, as observed here, may be attributable to some of these interfering conditions that continue to be poorly described. It is also possible that the LC/MS/MS extraction method here did not fully deproteinize the plasma sample or potentially some additional matrix was interfering or causing other nonspecific binding that was leading to lower detections. However, thyroid hormone levels measured in 30 ul and 50 ul plasma volumes were not significantly different from each other (Table 2 ), providing some support that the extraction method was deproteinizing the plasma volume efficiently with no apparent bias at the volumes extracted. Moreover, high recovery of the 13 C 12 -T4 internal standard suggested that matrix interferences were minimized and not causing signal inhibition.
Comparison of relative levels of T4/T3
While absolute levels of thyroid hormone measured by RIA were generally higher than those measured by LC/MS/MS, ratios of T4/T3 were relatively consistent across the two methods examined for most species (see Fig. 3 ). The ratio of T4/T3 serves as an important indicator of overall thyroid health providing insights into the functioning of the entire thyroid system (central HPT axis and extrathyroidal tissues), as opposed to the central thyroid alone [57] . This outcome suggests that both methods were measuring the relative physiological homeostasis of circulating T4 and T3 with some level of consistency. While significant differences in the T4/ T3 ratio were detected for some of the teleost plasma pools examined, there was generally less variability within and across sample pools of all the targeted species with the LC/ MS/MS methods. An advantage of the LC/MS/MS method developed here is that it can measure both TT3 and TT4 in parallel, providing a sensitive measurement of the physiological status of thyroid hormone homeostasis in circulation. Thus, the reduced variability measured with LC/MS/MS may in part be attributable to both hormones being measured simultaneously rather than individually as is required with RIA-based approaches.
Conclusions
The LC/MS/MS method developed here presents a new rapid analytical procedure that permits the simultaneous measurement of circulating thyroid hormone in low volumes of fish plasma across a range of species with high specificity and reproducibility. It takes advantage of the emerging capabilities of mass spectrometry in endocrine research, and should provide for greater standardization across teleost species, experiments, and laboratories. The method produced a clean extract and achieved high recovery of both thyroid hormones in rainbow trout matrix spikes and the mass-labeled internal standards across a diversity of fish species. Several studies have raised important questions about method variability and antibody interferences in RIA-based assays used in clinical settings. Moreover, little is known about the nature of these interferences in fish plasma. This is the first study to examine the relative performance of LC/MS/MS and RIA methods in the measurement of circulating thyroid hormones in fishes. While absolute levels of thyroid hormone were less than levels measured by RIA, T4/T3 ratios were generally well-aligned providing confidence in the capacity of the method to detect thyroid hormone homeostasis. Given the lack of concordance in RIA methodologies across laboratories and our limited understanding of interfering confounders in these assays, particularly among fish, future work should continue to standardize and advance the use of LC/MS/MS based approaches in thyroid hormone measurements in fish and other vertebrates. It would be especially useful to expand this method in the future to allow for the measurement of circulating levels of 3,3′,5′-triiodothyronine (rT3) and 3,3′-diiodothyronine (T2), which would provide further insights into thyroid hormone regulation and deiodination in fishes. Fig. 3 Comparisons of ratios of circulating T4/T3 measured in teleost fish plasma using LC/MS/MS-based and RIA-based approaches across three separate pools of plasma. Each pool of plasma was measured in triplicate (mean±SD) and differences in T4/T3 ratios were evaluated using unpaired, two-tailed t tests with statistical significance determined at p <0.05
